Two experiments were conducted to study the effects of methionine supplementation on ruminal fermentation and digesta kinetics. In Exp. 1, nine ruminally cannulated beef heifers (average initial BW = 527 kg) in a crossover design were fed low-quality grass hay and cottonseed meal with or without 11.4 g of supplemental methionine (polysaccharide-coated). Particulate and fluid kinetics, rate of DM and NDF disappearance, ruminal VFA and NH3 N concentrations, and pH were not altered ( P > . l o ) by supplemental methionine; however, ruminal purine concentration was greater ( P < .05) in methioninesupplemented heifers than in unsupplemented heifers. In Exp. 2, 12 ruminally cannulated Holstein steers (average initial BW = 622 kg) grazing a fescue pasture were allotted to one of three groups: no Key Words: Rumen Digestion, supplemental methionine (CON) or 11.4 g of supplemental methionine fed at 0700 (AM) or at 1200 (PM) . Forage intake, particulate kinetics, ruminal fluid kinetics, pH, VFA, and NH3 N concentrations were not altered ( P > .lo) by supplemental methionine or supplementation time. In situ rate of DM and NDF disappearance was greater ( P < .05) in supplemented steers than in CON steers; AM steers exhibited faster ( P < .05) rates than PM steers.
Introduction
Methionine may be a limiting amino acid for growth and fermentation by ruminal microbes (Salter et al., 19791 , but methionine supplementation has shown mixed results. Clark and Petersen (1988) noted an increased rate of in situ DM disappearance of lowquality grass hay and increased fluid dilution rates in cows supplemented with urea + 15 g of DL-methionine compared with soybean meal. Conversely, in situ DM and NDF disappearance rates did not differ between methionine-and soybean-supplemented cows grazing dormant range . Differences in J. Anim. Sci. 1993 . 71:1932 -1939 timing of supplementation may be one reason for different results between these two studies. Judkins et al. (1991) and Barton et al. (1992) indicated that timing of protein supplementation can alter both digestion and grazing behavior. Likewise, Wiley et al. ( 199 1) indicated that methionine supplementation at 1200 and 1500 compared with supplementation at 0800 increased in situ DM and NDF disappearance by matching supplementation to carbohydrate availability.
The objectives of our study were to compare ruminal fermentation and digesta kinetics resulting from 1) addition of methionine to a protein-supplemented, low-quality hay diet and 2 ) timing of methionine addition to steers grazing early-spring fescue pasture.
lResearch funded under Hatch Project 316, Univ. of Nevada Exp. 2Present address: Dept. of Anim. Sci., Univ. of Illinois, Cham3To whom correspondence should be addressed. 'Present address: Dept. of h i m . and Poultry Sci., Univ. of evaluate in situ digestion and digesta kinetics by nine ruminally cannulated, Angus or Red Angus crossbred, 2-yr-old beef heifers (average initial BW = 527 kg) in the third trimester of pregnancy. All surgical procedures were approved by the University Animal Care Committee, and animal care followed procedures outlined in the Consortium (1988) guide. All heifers were housed in a single covered pen (27.0 m x 14.5 m ) and individually fed in separate feeders (Calan feeders, American Calan, Northwood, NH) meadow foxtail hay (Alopecurus pratensis L.; 1.2% of initial BW, DM basis; Table 1 ) twice daily at 0700 and 1400. Hay intake level was 10% less than previous ad libitum consumption of this hay by the same heifers.
Cottonseed meal was fed (.2% of initial BW, DM basis; pregnancy and for microbial protein synthesis, cottonseed meal was included as part of the basal diet to potentially reduce catabolism of methionine as a N source. Initially, heifers were assigned randomly to one of two treatments; no supplemental methionine ( CON) or 12 g of supplemental methionine (11.4 g of DL-methionine; MET) ; the quantity of methionine, adjusted for animal size, was similar to that provided by Clark and Petersen (1988) . Supplemental methionine was provided with a polysaccharide binder that was expected to slow the release of methionine. Methionine was fed once daily along with cottonseed meal at 0630. All cottonseed meal and, when given, supplemental methionine was consumed within 15 min. Additionally, heifers were allowed free access to water and trace mineral salt (guaranteed analysis [percentage of DMI: NaC1, 95; Fe, .20 ; Zn, .05; Cu, .04; Mn, .04; Mg, .04; and Go, .005) . Each period of the crossover design consisted of 21 d for adaptation followed by 7 d for sample collection. At the end of the first collection period, heifers were switched to the opposite treatment, such that each heifer served as its own control. On d 1 of each collection period, just before supplementation at 0630, 100-mL ruminal fluid samples were collected, and heifers were dosed with 200 mL of Go-EDTA (724.0 mg of Go; Uden et al., 1980) . Mid-ventral ruminal samples were withdrawn by hand at 1, 3, 6, 9, 12, and 24 h after supplementation. Immediately after withdrawal, pH was measured with a combination electrode, after which the sample was strained through four layers of cheesecloth, acidified with 1 mL of 7.2 N HzS04/100 mL of strained fluid, and stored frozen (-40°C). An additional sample (300 mL) of strained ruminal fluid was obtained at each sampling (except 24 h after supplementation) for use in isolating ruminal bacteria and determining the quantity of bacterial purinedgram of ruminal bacterial DM; this sample was combined with 75 mL of a solution containing .9% NaCl (wtivol) in 37% formaldehyde (wthol). Particulate matter retained on the cheesecloth was returned to the rumen after each sampling.
Also, on d 1 at 0600, 12 polyester bags (10-cm x 20-cm; pore size, 53 f 10 pm; Ankom, Spencerport, NY) that contained approximately 3 g of ground (2-mm screen) grass hay obtained from grab samples during the initial adaptation period and six empty bags (one baghncubation time) were suspended in the rumen for 0, 6, 12, 24, 48, or 96 h. Upon removal, bags were washed under cold, running tap water until the rinse water was clear. Bags were then dried in a forced-air oven at 60°C for 48 h, followed by 24 h at 100°C. At the end of the second crossover period, 12 polyester bags of the same size, containing 3 g of the methionine supplement, were suspended in the rumen of two MET heifers to determine supplement DM disappearance. Supplement bags were removed 0, 3, 6, 9, 12, or 24 h after insertion and stored frozen On d 2 beginning at 0600, particulate passage rate was estimated using Yb as an external marker. Each (-40°C).
heifer was dosed with 210 g (DM) of Yb-labeled hay (2 g of Yb) via the ruminal cannula. Hay that was labeled with Yb for both collection periods was obtained from daily grab samples taken during the first adaptation period. Hay was labeled with YbC13.6HzO according to procedures of Teeter et al. (1984) . Rectal grab samples were taken 0, 6, 12, 18, 24, 28, 32, 36, 40, 44, 48, 54, 60, 72, 84, 96, 108, 120 , and 144 h after dosing.
Experiment 2. Twelve ruminally cannulated Holstein steers (average initial and final BW = 622 and 681 kg, respectively; fourhreatment) grazing earlyspring fescue pasture were used to determine the influence of the time of day at which supplemental methionine was fed on forage intake, ruminal fluid kinetics, fermentation, and particulate kinetics. Vegetation in the 32-ha study pasture was a monoculture of tall fescue (Festuca arundinacea [Schreb.] ); the pasture was irrigated just before the experiment began. Two collection periods, each 15 d in length, were conducted following an initial 21-d adaptation period to supplement and pasture. The first collection began on May 25 (MAY) and the second on June 9
( JUN) .
Dietary treatments were 1 ) no supplement (CON) or supplemental methionine a t 2 ) 0700 ( AM) or 3) 1200 ( PM) daily throughout the study. Supplemental methionine was the same as that in Exp. 1; however, no supplemental cottonseed meal was fed, and methionine was placed intraruminally via the ruminal cannula at 12 gsteer-l&l (11.4 g of methionine.steer-l.d-l). Additionally, steers had free access to water and trace mineral salt (same as Exp. 1). All surgical procedures were approved by the University Animal Care Committee, and animal care followed procedures outlined in the Consortium ( 1988) guide. Supplementation times were chosen based on previous research by Wiley et al. (1991) . Steers were weighed unshrunk at the beginning and end of each collection period.
On d 1 of each collection period, dietary samples were obtained via a ruminal evacuation technique (Lesperance et al., 1960) ; steers were not withheld from grazing before collections. Specifically, the reticuloruminal contents of the same two steers from each treatment were completely removed, walls of the rumen were washed, and steers were allowed to graze for approximately 1 h. After collection, the newly grazed ruminal contents were removed and the initial ruminal contents were replaced. Masticate from each steer was allowed to drain through a 40-mesh screen to remove salivary contaminants, mixed individually, and divided into three subsamples. The first subsample from each steer was freeze-dried and used for chemical analyses. The second subsample was composited within treatment, freeze-dried, and used as a substrate for in vitro and in situ disappearance measurements. The remaining masticate subsample was composited across all steers, rinsed with tap water, followed by distilled water, and labeled with Yb (Teeter, et al., 1984) for use as a particulate-phase marker.
At 0600, on d 6 of each collection period, a measured dose of Yb-labeled masticate was stratified from the ventral to the dorsal part of the rumen of each steer. Because of differences in the quantity of masticate collected during each period, steers received various amounts of DM and Yb (MAY = 170.2 g of DM, 3.5 g of Yb; JUN = 157.0 g of DM, 3.4 g of Yb). Rectal grab samples of feces were collected at 0, 6, 12, 16, 20, 25, 30, 36, 42, 49, 54, 60, 73, 78, 97, 102 , and 120 h after dosing.
Ruminal sampling began on d 11 at 0630 ( 0 h ) ; lOO-mL, mid-ventral ruminal fluid samples were collected by hand, and steers were dosed with 200 mL of Co-EDTA (721.0 mg of Co; Uden et al., 1980) . Additional samples were withdrawn at 1, 3, 6, 9, 12, and 24 h after the AM supplementation. After collection, sample pH was measured with a combination electrode, samples were strained through four layers of cheesecloth, acidified with 1 mL of 7.2 N H$304/100 mL of strained fluid, and stored frozen Also beginning on d 11 a t 0630, approximately 3 g of freeze-dried masticate that had been ground in a Wiley mill to pass a 2-mm screen was placed in polyester bags (10-cm x 20-cm; pore size, 53 k 10 pm; Ankom, Spencerport, NY) and suspended (in duplicate) in the rumen of each steer for 0, 3, 6, 12, 24, 48, and 96 h. Concurrently, 5-cm x 10-cm polyester bags (pore size, 53 k 10 pm; Ankom) that contained .5 g of the methionine supplement were suspended (in duplicate) in the rumen of each steer in the AM and PM treatment groups for 0, 1, 3, 6, 9, 12, and 24 h. After removal, bags were rinsed, dried, and stored as in Exp. 1. Residues remaining in the bags were removed, weighed, and used to determine DM (forage and methionine supplement bags) and NDF (forage only) disappearance.
On d 12, beginning at 0630, 500 mL of ruminal fluid was collected from each steer, strained through four layers of cheesecloth, and used (within 1 h ) to determine in vitro OM disappearance of forage masticate (Judkins et al., 1990) . Filtered in vitro residues were ashed to determine OM disappearance.
Laboratory Analyses. Daily grab samples of hay and cottonseed meal (Exp. 1) and ruminal masticate samples (Exp. 2 ) were ground to pass a 2-mm screen in a Wiley mill. Samples were analyzed for DM, ash, and Kjeldahl N (AOAC, 1984) . Neutral detergent fiber, ADF, and ADL were analyzed by nonsequential methods of Goering and Van Soest (1970) . Acid detergent insoluble N ( ADIN) was determined by Kjeldahl analysis of the ADF residue (Goering and Van Soest, 1970) . Forage and methionine supplement residues remaining in polyester bags after in situ
digestion were analyzed for DM and NDF (forage only; Goering and Van Soest, 1970) . Additionally, hay, cottonseed meal, masticate samples, and supplemental methionine were prepared and analyzed for methionine content by reverse-phase liquid chromatography according to the procedure described by Spindler et al. (1984) .
Fecal samples collected for passage rate determination were dried in a forced-air oven at 60°C, ground to pass a 2-mm screen in a Wiley mill, and analyzed for DM and Yb. Ytterbium was extracted using .1 M diethylenetriaminepentaacetic acid (Karimi et al., 1986 ) that contained 1 g of KCl/L as an ionization buffer. Ytterbium concentration in extracted samples was measured by atomic absorption spectroscopy with a nitrous oxide-plus-acetylene flame. To correct for background interference, standards and blanks were prepared using extract from feces obtained before dosing (time = 0). A composite fecal sample (24, 48, 72, 96 , and 120 h ) from each steer at each sampling date (Exp. 2 only) was analyzed for DM and ash, so that fecal output estimates could be corrected for ash content.
All ruminal samples for fermentation analyses were thawed at room temperature and centrifuged at 10,000 x g under refrigeration (lO°C) for 10 min. Cobalt concentration was analyzed by atomic absorption spectroscopy with an air-plus-acetylene flame, and ruminal NH3 concentration was analyzed by a phenol-hypochlorite procedure (Broderick and Kang, 1980) . Volatile fatty acid concentrations in all ruminal samples were quantified from the supernatant fractions as described by Goetsch and Galyean (1983) using 2-ethyl butyric acid as an internal standard. After mixing, bacteria were isolated from a l-L aliquot of formaldehyde-preserved ruminal fluid (Exp. 1 ) using differential centrifugation (Merchen and Satter, 19831 , freeze-dried, weighed, and analyzed for purine (RNA; Zinn and Owens, 1986) content. Bacterial purines per gram of bacterial isolate were used to estimate microbial growth.
Calculations and Statistical Analyses. Fecal Yb extraction curves were fitted to a one-compartment model (Pond et al., 1988) using the nonlinear regression option of SAS (1988) . Particulate passage rate, retention times, and fecal output were estimated using the parameter estimates from the one-compartment model (Krysl et al., 1988) . Organic matter intake (Exp. 2 only) was estimated from fecal output and in vitro OM indigestibility values obtained from the two-stage in vitro fermentation technique. Rates of DM and NDF in situ disappearance were calculated from polyester bags as described by Mertens and Loften ( 19 80) using SAS ( 19 88) nonlinear regression procedures. The model included a coefficient for lag time, but lag time was not included in the statistical analyses. Dry matter and NDF disappearance estimates from in situ polyester bags removed after 96 h of incubation were used as an estimate of extent of digestion. Fluid passage estimates were calculated by logarithmic regression of Co concentration against time after dosing (Uden et al., 1980) . Digesta kinetics and bacterial and digestibility data for Exp. 1 were analyzed as a crossover design with the main effects of treatment, trial, and cow tested against residual error. Time-sequence data (ruminal NH3 N, pH, and VFA) for Exp. 1 were analyzed as repeated measures within a crossover design. The main plot included treatment and trial tested against cow within treatment x trial as the error term (Error A ) . The subplot included time and the time x treatment interaction, both of which were tested against residual error.
For Exp. 2, digesta kinetics and intake and digestibility data were analyzed as a split-plot design with supplementation time as the main-plot treatment and collection period as the subplot treatment. Supplementation time was tested against steer within treatment as the error term (Error A); the interaction of collection period x supplementation time and the main effect of collection period were tested against residual error using the GLM procedure of SAS (1988) . Time-sequence data (ruminal pH, NH3 N, and VFA) for Exp. 2 were analyzed as a split-split-plot design with sampling time and sampling time x supplementation time added to the model (subsubplot). The main effect (time of daily supplementation) was analyzed using contrasts for CON vs supplementation and AM vs PM.
Results
Experiment 1. Percentage of DM disappearance of the methionine supplement from polyester bags suspended in the rumen was 71.4, 92.5, 95.9, 96.3, and 97.5% at 3, 6, 9, 12, and 24 h after incubation, respectively. When bags that contained the methionine supplement were rinsed with water but not incubated ruminally, disappearance of DM was 22.4%.
Ruminal NH3 N concentration and pH (Table 2) were not affected ( P > . l o ) by supplemental methionine or by a time of sampling x treatment interaction. Total ruminal VFA, molar proportions of individual VFA, and the acetate:propionate ratio were not affected ( P > .lo; Table 2 ) by supplemental methionine or the interaction of sampling time x treatment.
Particulate and fluid passage estimates (Table 3 ) did not differ ( P > .lo) between MET and CON heifers; however, extent of forage NDF disappearance at 96 h (Table 2 ) and ruminal purine concentration were greater ( P < -05) for MET heifers than for CON heifers. Conversely, rate of forage DM and NDF disappearance did not differ ( P > .lo; aTreatments were CON = no supplemental methionine and MET = 12 g of methionine supplement once daily at 0630. bTreatments were CON = no supplemental methionine or 12 g of methionine supplement at 0700 (AM) or 1200 (PM) 'n = 9 for all data except ruminal fermentation, where n = 54. dn = 8 for all data except ruminal fermentation, where n = 48. 
Discussion
The methionine supplement used in our study disappeared more rapidly in situ than was hoped. Disappearance from the in situ bag does not, however, mean that the methionine was incorporated into bacterial cell walls or degraded. Our disappearance data for the methionine supplement were greater than in vitro disappearance rates of [14Clcarboxyl-labeled methionine reported by Patterson and Kung (1988) ; however, other researchers have shown more rapid degradation of methionine in situ (Papas et al., 1974; Jones et al., 1983) .
Lack of substantial changes in ruminal fermentation with supplementation of methionine in our study differs from the results of Wiley et al. (1989) . These authors reported lower ruminal NH3 N concentrations in cows supplemented with only methionine than in cows supplemented with soybean meal or methionine plus urea. Furthermore, cows supplemented with only methionine had lower ruminal bacterial purine concentrations and slower in situ disappearance rates, suggesting that NH3 N limited bacterial growth and efficiency. In our study, feeding cottonseed meal in Exp. 1 and the high concentration of ruminal NH3 N associated with the forage diet in Exp. 2 should have provided adequate NH3 N concentrations for all treatment groups. Wiley et al. (1989) suggested that methionine without an ammonia source may not be suitable as a protein supplement for diets that produce low ruminal NH3 N concentrations because insufficient ammonia would limit bacterial growth and negate potential positive effects of methionine.
Our failure to note significant changes in ruminal pH with methionine supplementation agrees with other results (Arambel et al., 1987; Wiley et al., 1989; Lodman et al., 1990 ) and with other research on protein supplementation (Wagner et al., 1983; McCollum and Galyean, 1985; Judkins et al., 1987) . Present data are within the range of 6 and 7 that is considered optimal for microbial fermentation of cellulose (NRC, 1985) .
Acetate molar proportions (Table 2 ) were similar to those observed by McCollum and Galyean (1985) in steers supplemented with cottonseed meal, whereas propionate molar proportions were slightly greater than those reported by McCollum and Galyean (1985) . Hume and Bird (1970) found that a deficiency of sulfur resulted in the accumulation of lactate and a concomitant reduction in propionate in ruminal fluid because of inhibition of the acrylate pathway for conversion of lactate to propionate. Although lactate was not measured in our study, dietary sulfur concentrations were adequate (NRC, 19841 , and addition of methionine did not significantly increase ruminal propionate molar proportions. Lundquist et al. (1983) noted increased butyrate, isobutyrate, and isovaleric molar proportions in methionine-supplemented, lactating dairy cows fed a 60% grain diet. Conversely, Armabel et al. (1987) noted increased molar proportions of acetate and decreased butyrate with addition of a 28% ruminally degraded methionine supplement to a semipurified diet; no other VFA molar proportions or acetate: propionate ratios were affected. Most research that has demonstrated increased fermentation with methionine or sulfur supplementation has been with diets devoid of sulfur or with very low methionine contents. Our study did not have such severe conditions; hence, sulfur recycling by the host animal may have allowed for sufficient de novo bacterial synthesis of methionine.
The increased synthesis of ruminal bacterial purines in Exp. 1 may have resulted from increased bacterial protein synthesis because of the presence of methionine or supplemental sulfur. Hume and Bird (1970) suggested that when the N:S ratio is 11:1, each gram of added dietary sulfur could potentially yield 69 g of bacterial protein. Lodman et al. (1990) reported greater purine concentrations in soybean meal-supplemented cows than in unsupplemented cows or cows supplemented with beet pulp plus methionine while they grazed native winter range. Likewise, Arambel et al. (1987) noted increased ruminal microbial counts when dairy cows were supplemented with a 28% ruminally degraded methionine supplement.
Present data suggest that methionine addition does not influence ruminal fluid kinetics. Conversely, Clark and Petersen ( 19 8 8) reported increased fluid dilution rate in cows supplemented with methionine and urea compared with cows supplemented with soybean meal. These researchers, however, attributed this increase to urea because similar dilution rates were noted in cows supplemented with urea only. They further hypothesized that addition of urea to methionine may have caused physical or physiological changes in the rumen that might have obscured potential benefits of methionine supplementation.
Particulate passage rates in Exp. 1 were similar to those reported for cottonseed meal-supplemented steers consuming prairie hay (McCollum and Galyean, 1985) and cottonseed cake-supplemented steers grazing blue grama rangeland (Judkins et al., 1987) . Lodman et al. (1990) and Wiley et al. (1991) also noted no differences in ruminal passage of particulates as a result of methionine supplementation. Although extent of NDF digestion (Exp. l ) and rate of NDF disappearance (Exp. 2) were increased with methionine supplementation, no effect was noted on passage. Other protein supplementation studies have shown increased disappearance rates without altered passage rates (Barton et al., 1992) .
Methionine supplementation has not consistently increased in situ digestion of forage diets. Clark et al. ( 1990) found no difference in rate of DM or NDF disappearance in methionine-supplemented cows grazing winter range compared with cows supplemented with soybean meal. Nonetheless, these researchers noted that all supplemented cows had increased in situ DM and NDF digestion rates compared with unsupplemented cows in the same study. Our results further support the lack of additional NDF digestion (Exp. 1) with addition of methionine to a proteinsupplemented diet. Greater forage DM disappearance was reported by Huisman et al. (1988) as a result of supplementing DL-methionine in either liquid or ruminally protected forms (20% ruminally degraded). Conversely, Lodman et al. (1990) noted only numerical increases in the extent and rate of DM and NDF digestion as a result of methionine and urea supplementation. Hall et al. (1990) found that providing methionine to steers fed bermudagrass hay and ground corn had no significant effect on feed intake or digestion and only tended to increase total tract NDF digestion.
Greater ruminal rate of in situ disappearance of the supplemental methionine than originally hoped may be one reason for the lack of effects of methionine in Exp. 1 and 2; however, there may be other factors that limited or negated the methionine response. One such factor may have been the hay used in Exp. 1, which was a low-quality hay with 5.9% CP (5.3% available CP). Supplementation of low-quality forages (c 6% CP) can increase digestibility and forage utilization (Smith, 1962; Church and Santos, 1981; McCollum and Galyean, 1985; Judkins et al., 1987) . Potentially, forage digestibility was increased to the greatest extent possible by addition of cottonseed meal, such that additional methionine could not provide further benefit; however, the design of Exp. 1 did not allow for such a comparison. In this regard, Church and Santos ( 198 1) reported increased intake and digestion of wheat straw by feeding 1 g of soybean mealkg of BW.75, but neither intake nor digestibility was increased when greater levels of soybean meal were fed. Wiley et al. (1991) examined the timing of supplemental methionine and noted increased in situ DM and NDF digestion rates when the supplement was fed at 1200 and 1500 compared with 0800 in cows that were limit-fed from 0800 to 1100 a low-quality hay and straw mixture. Our results (Exp. 2) suggest greater NDF and DM disappearance rates with supplementation at 0700 than at 1200. Wiley et al. (1991) suggested that the timing of methionine addition may have a differential effect on NDF digestion depending on the timing relative to forage consumption and availability of carbohydrates in the rumen. Our results (Exp. 2) were obtained from supplementation at 0700, during the morning grazing bout, and at 1200, when steers were not grazing. The disparity in results between the study of Wiley et al.
( 19 9 1) and our research may be due to the possibility that carbohydrates were more readily available with our actively growing forage than with their lowquality hay and straw diet.
Although we noted that rate of forage DM and NDF disappearance was influenced by time of methionine supplementation, no significant differences were evident for fluid or particulate digesta kinetics, although AM steers had numerically greater forage intake, particulate passage rate, and shorter retention times.
Implications
Methionine supplementation of a low-quality forage diet increased the ratio of purines:microbial dry matter, presumably indicating greater microbial growth, but did not increase the rate of digestion or passage of digesta in pregnant beef heifers. Supplementing methionine to Holstein steers that were grazing early-spring fescue pasture in the morning compared with the afternoon or no supplementation increased rate of neutral detergent fiber digestion but did not alter forage intake or passage of digesta. Animal performance data are needed to determine whether methionine addition leads to increased weight gain in cattle grazing early-spring pastures or in pregnant cattle receiving low-quality forages. AGAC. 1984 
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